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I> ! Abstract 

We study four different models for CP violation: the standard (KM) model, 

(N ' 

the aspon model of spontaneous breaking and two models of soft breaking. 

■ In all except the standard model, the strong CP problem is addressed and 

■ solved. Testable predictions for the area of the unitarity triangle and for 
(e /€)k are emphasized. The issue of CP violation may well become the first 



place where the standard model of particle theory is shown definitively to be 
deficient. There are two reasons for expecting this to happen: (1) the strong 



^ ■ CP problem is still not understood in the unadorned standard model and (2) 



the KM mechanism, although unquestionably present, may not provide the 
full explanation of ck and (e /e)k- 
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I. INTRODUCTION 



There are several models for describing CP violation by scalar dynamics. Spontaneous 
CP violation is one of the interesting schemes, especially where CP is broken simultane- 
ously with SU(2)z,xU(l)y. This kind of models has been widely studied (see e.g. Refs. ). 

There are other models in which heavy quarks and scalars are introduced and CP viola- 
tion is originated in the heavy scalar sector. The CP violation is transported to the ordinary 
quark sector through the Yukawa interactions among heavy quark, ordinary quark and heavy 
scalar. At the same time, an attempt is made to resolve the Strong CP problem. These 
models may be divided into two classes by the existence of the tree level flavor changing 
neutral current (FCNC). 

There are two typical models without tree level FCNC. In one class of models only right- 
handed quarks have Yukawa interactions with heavy quarks and scalars |J , while in another 
class only left-handed quarks have the Yukawa interaction [[/] . In both models CP is violated 
in the heavy mass terms softly or spontaneously. 

A typical model with the tree level FCNC is the Aspon model ||. This model is widely 
studied (see, e.g. Refs. f9|,[L0|]). In this model one vector-like SU(2)l doublet of quarks are 
introduced. Those quarks have same charges as up- and down-types of ordinary quarks. Two 
heavy SU(2)^xU(l)y singlet scalars have VEVs which break CP spontaneously. Another 



model with tree level FCNC is given in ILL] , where unlike the models considered here, no 
additional U(l) symmetry occurs. 

In this paper we study constraints and predictions of the above two models of soft 
CP breaking comparing with those for the Aspon model. These considerations are timely 
because experiments are underway to measure both Re(e'/e) and the CP asymmetries in B° 
decays. In fact, there are two experiments each to measure both effects. The former is being 
measured by the NA-48 experiment at CERN, and by the E799/E832 (KTEV) experiment 
at FermiLab. The latter is being studied by the BaBar detector of the PEP-II experiment 
at SLAC and by the BELLE experiment at the KEK B-Factory. 
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The layout of the paper is as follows: In Section(|I|) we describe in detail the different 
models we shall analyze. In Sectionflm]) the constraints arising from ex are derived. The 
predictions for e'/e are given in Section(|TV|). In Section(|V|) the constraint of B — B mixing 
is discussed. SectionflVT]) covers the CP asymmetry predictions for neutral B decay. In Sec- 
tion( |Vll| ) the lower limits on are calculated, together with the corresponding lower limits 
on the neutron electric dipole moment. Finally in Section ([VIII|) the different predictions are 
summarized. 



II. MODELS 

Here we shall list four different models for CP violation which exemplify all of the ideas we 
are considering. At the end of the paper we shall summarize the similarities and differences 
of the experimental predictions. Thus the hurried reader could read just this section and 
that summary to sample the main points: the intervening sections provide technical details. 



A. Standard Model 



The first model is just the standard model (SM) with the KM mechanism [[12 ] of explicit 
CP violation. Principally, we are interested in models which also solve strong CP (as all 
the other three will). The standard model requires an additional mechanism {e.g. the 
Peccei-Quinn mechanism |13|] or massless up quark (see, e.g. Ref. |[L4|| ) to accomplish this. 
Nevertheless, it forms an essential comparison for all the other cases. 



B. Two Models (Types L and R) of Soft CP Breaking 

The class of models we consider for soft CP violation is constructed by adding two 
SU(2)x, singlet scalars xi (I = 1j 2) with hyper-charge Y x and one non-chiral quark Q to 
the standard model (SM). These Q and xi carry the opposite charges of an extra U(l) new 
symmetry. The hypercharge of Q is determined in such a way that the Yukawa interactions 
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among xi, Q and the ordinary quark q are allowed: Yq = Y x + Y q . The Yukawa interactions 
in the models can be written as 

2 3 

c Y = -J2J2 h l[Q^xi + ^Qx}} , (2.1) 

1=1 4=1 

where h\ is a real Yukawa coupling. 

CP is softly broken by the mass term of xi- The models in this category are divided 
into two types by the chirality of the ordinary quark q which couples to Q and xi'- hi the 
first type (Type R), q is a right-handed down-type quark, Y q = — 1/3 ||; in the second type 
(Type L), q is a left-handed SU(2) L doublet quark, Y q = 1/6 0. 

Let us explain details of these models for soft CP violation. The scalar potential for xi 
is given by 

2 2 

£x = E *ijklXiXj)&Xl + E M ijX }xj , (2.2) 

I,J,K,L=1 I,J=1 

where Xijkl and M/j = M u are real quantities and Myi = M* 21 is a complex quantity. The 
interaction between xi and the ordinary SU(2)l doublet Higgs scalar H is given by 

£ x h = (&H - ^ £ A /JX ^J , (2-3) 
where A/j is real. The mass eigenstate x'i is given by a unitary rotation: 

Xi = E ^/JXJ , (2-4) 
j=i 

where ?7 is a suitable unitary matrix. 

After rotating x to the mass eigenstate x' as in Eq. ( p.4| ), the Yukawa interactions become 

C Y = ~ E E [fnQViXi + mQx'i] , (2-5) 

1=1 4=1 

where //j = Sj=i Ujjhj is a complex Yukawa coupling. 

An important combination for CP measurement is = fjifij- The fact that the 
original Yukawa coupling h\ is real leads 

Im (X]= 2 ) = -Im (Xlf 1 ) . (2.6) 
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C. Aspon Model 



Here the complex scalar xi has a Vacuum Expectation Value (VEV) which spontaneously 
breaks CP (Aspon model [§]); In the Aspon model the U(l) new is gauged, and the gauge 
boson acquires its mass from the VEV of xi- Q an d q have same charges (Y x = 0, Yq = Y q ), 
and they have complex mass mixing. Accordingly, there exist tree-level flavor changing 
neutral currents (FCNC) mediated by the Aspon gauge boson and xi- 

Let us briefly review the relevant part of the Aspon model. In the Aspon model q can 
be the left-handed doublet quarks, or the right-handed down-type quarks, in the simplest 
versions. In the present analysis we fix q to be the left-handed doublet quarks for definite- 
ness.Q All the couplings in the scalar potentials in Eqs. ( (2.2|) and (|2.3|) are real, and CP is 
spontaneously broken by the VEV of xi'- 



(xi> = ^ Kie 



<X2> = ^2 



(2.7) 



As a result the light quarks q mix with the non-chiral heavy quark Q. The mass matrix, in 
the weak basis where 3x3 submatrix for down sector is diagonal, is given by M 



M r 



f m d F 1 " x 

m s F 2 

m b F 3 

[ M Q ) 



(2.8) 



where 



h\ (Xi) + h\ ( X 2) 



(2.9) 



This mass matrix is diagonalized by a biunitary transformation, K\M. d K^. The approxi- 
mate form of the transformation matrices are given by M 



x In the concluding section VIII we mention the difference in predictions for an R-type Aspon 
model. 
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where 



Kr = 



1 I I 2 

2 N 

d 



m 



X Xo — T 9 XlXo — 2 T 

- 1 - A m ,—mi - 1 o rn , — rnf 



1 I I 2 

2 F2| 



£3^1: 



3/0 



X l X 2m 2 .-m? XlX 3 m 2 .-m? 



* m b 
X 2 X 3 ml-ml 

2 



x 2 
x 3 

1 _ I v 3 

1 2 ^j=l 



Mq 



* m s m d 

2 1 mi — rrij, 

s a 

x x* m , bmd ., 

3 1 rrij — rrij, 

b a 

m d 

M Q X 1 



1 x 2 x*^ mh ? 

^ ■Jmi—mt 
s b 

™ * m b m s 1 
X 3 X 2^-^ 1 



Mq 

mb 
M Q 



x 2 



x 3 



Mq* 



Mq X 3 



(2.10) 



Xi = Fi/M Q . 



(2.11) 



In the weak basis the Aspon gauge boson does not couple to light quarks. However, due 
to the mixing with the heavy quark Q, light quarks in terms of the mass eigenstates couple 
to the Aspon gauge boson. This induces FCNC's: 



C F A C NC (down) = -9AOLi$hA A>k > 



(2.12) 



where 



Otij — X^Xj , 



OtAi = Oi i4 ~ — X. 

3 

«44 — 1 — \x 

i=l 



1 1 
2 



(i,3 = 1,2,3) , 

(2 = 1,2,3) , 



(2.13) 



with being the Aspon gauge boson and g A the gauge coupling. In addition to the above 
FCNC's in the left-handed sector there exist FCNC's in the right-handed sector. However, 
the coupling is suppressed by the mass ratio rrii/MQ, where m 8 = (m^, m s , mb). Similarly, 
flavor changing couplings to xi are suppressed by rrii/MQ. So we will neglect these couplings 
below. 
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III. CONSTRAINT FROM e K 



In the SM, ex arises from the W + W~ exchange box diagram, and is proportional to a 
combination of CKM angles and to sin 5 where 5 is the KM phase, and therefore gives a 
constraint between these SM parameters. 

Now we study the other models defined in Section(|I|). The parameter ex is given by 



e W4 r i m M 

2\?2 



+ 2- 



ImA 



(3.1) 



. ReM 12 ReA _ 

The second term is related to e'/e, and much smaller than the first term as we shall see 
below. 



X 1 



Q 



Q 



1 

l X 
I 



-<— d 



X 



Q 



FIG. 1. Box diagram contributions to K°—K° mixing in the models of soft CP breaking 




FIG. 2. Tree level Aspon gauge boson exchange contributions to K —K mixing in the Aspon 
model. 

The dominant contribution to ImMi2 is given by the scalar-heavy quark exchange box 
diagram shown in Fig. |1] for the models of soft CP breaking, and by the Aspon gauge 
boson exchange tree diagram shown in Fig. ^| for the Aspon model. The effective AS" = 2 
Hamiltonian derived from the contribution, for Type R soft breaking, is given by 
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W&S = (s R Yd R ) (s Rlfl d R ) , (3.2) 



where 

<® =<m*nt<J LxLnTI ' rj) > (3 - 3) 

with ri = Mj/Mq. The function F(rj,rj) is defined by 

F(r I ,r J ) = - -y- --- -^f In O + ^f- rhirj, (3.4) 

(l-njil-rj) (1 -rj) 2 (r/ -rj) (1 - r/) 2 (r/ - rj) 

where the normalization of F(rj,rj) is taken as F(l,l) = 1. For Type L soft breaking, 
and for the Aspon model, the effective coupling is the same as Eq. (|3.2| ) with the helicities 



switched from R to L, and with the coefficient C^f replaced by , and respectively. 



The formula for C sd is exactly as for C sd in Eq. (|3~3|) . We will give the formula for C sd ' 
later. 

As in the SM, ReM 12 is dominated by the contribution from VT-charm exchange box 
diagram. This is given by 

WSS, = (s L ^d L ) {s L lM , (3.5) 

where 

(KM) _ 1 \2qf m c \ (o R \ 

The function S(x) is so-called Inami-Lim function and S(m 2 c / My/) ~ 3.48 x 10 -4 . V cs 



and V c d are corresponding elements of the quark mixing matrix, |V^,*V^| — 0.22. Note that 
the mixing matrix for the models of soft CP breaking is real and orthogonal, and the 3x3 
submatrix of it in the Aspon model is also real and orthogonal to a very good approximation 

Since QCD respects parity invariance, it may be enough to assume that two operators 
in Eqs. ( |3.2| ) and ( |3.5| ) give the same hadron matrix elements. Then \tx\ can be expressed 
as 
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ImC 



(R,L,A) 
sd 



2^2 



c. 



(KM) 
sd 



(3.7) 



The experimental value \ek\ = 2.26 x 10 3 gives a constraint to |ImC, 



sd 



ImC 



(R,L,A) 
sd 



1.4 x 10 



-10 



(3.8) 



This smallness of 



ImC, 



(R,L,A) 



sd 



is easily understood by small Yukawa coupling fu. 
To estimate the size of the Yukawa couplings, we can assume that their real and imaginary 
parts are comparable, equate Mq and Mj and arrive, from Eq. (|3.3| ), at: 



Mr 



L sd 



3 x 10" 



(3.9) 



where we have defined (X a 



illmX^ELiRe^idl usin S the fact that lmX id 



1=2 



— ImXjj 1 . Of course, the corresponding Yukawa couplings involving the third family, e.g. 
Xm, Xb s are not constrained by e#. It seems natural to say that Mq is bigger than the weak 
scale, and then Eq. ( |3.9| ) gives the lower bound X^' L ^ > 3 x 10~ 4 . 
In the Aspon model 



(A) 
ds 



2(£) {x\x 2 f 



(3.10) 



where k is the scale of U(l) new breaking. The combination of Eq. (|3.8| ) and Eq. ( p.!0|) , as 
is well-known [p|,p!7|, gives a constraint on k, using information from G (see Sect ion ( [ V 1 1| j ) ■ 
The parameter X3 is not constrained by ex- 



IV. PREDICTIONS FOR REAL PART OF (e /e) 

In the standard model, an enormous effort has gone into calculating direct CP violation, 
characterized by the quantity Re(e'/e) (see, e.g. Refs. [|I8|-|2T|| ) . There remains some uncer- 
tainties in the prediction due to the quark masses, especially m s , the QCD scale Aq C d, and 
certain hadronic matrix elements. One quoted range is fll9"| : 



Re (1 j = (3.6 ±3.4) x 10~ 4 (4.1) 



In particular, a vanishing result results from an accidental cancellation (rather than a sym- 
metry). 

The parameter e' is given by 



where Aj are the isospin amplitudes in K — > tttt decays and 5j are the corresponding final 
state interaction phases. 



FIG. 3. Gluon penguin diagram contribution to the imaginary part of the K — ► tttt decay for 
the models of soft CP breaking. 

To estimate the contributions to the imaginary part of the K —>■ tttt decay for the models 
of soft CP breaking, let us consider the gluon penguin diagram shown in Fig. For Type 
R soft CP breaking model the chiralities of s and d quarks in the external lines are different 
with those for the iy-exchange contribution. Then it is convenient to define the following 
operators: 



e i(7r/2+5 2 -5o) R e A 2 rlmAo Iim4 2 l 



(4.2) 



e = 



y/2 ReA [ReA Re^ 2 . 




4 X (sfl7/*9fl) , 



Qe 



-8 X (sagi) {qLd R ) . 



(4.3) 



q=u,d,s 
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By using these operators, the AS" = 1 effective Hamiltonian for Type R soft CP breaking 
model is given by 



1 ^(«) " 



(4.4) 



i=3 



where M new is a scale around masses of new particles, and 

- 3^ 3 (M new ) = z/ 4 (M new ) = -^ 3 (Mncw) = MM n 
Here is expressed as 



a s (M n 



256vr 



(4.5) 



C 



(R) V 



fid 



where 



F{n) 



3(1 -n) 



7-29r/ + 16r| r I {3-2r I ) 



(4.6) 



In rj 



(4.7) 



6(1 -r,) 2 (1-r/) 3 

The effective Hamiltonian for the Type L soft CP breaking is obtained by switching the 
helicities R to L and L to R in the above expressions, and C ~H = . 

To obtain the amplitudes for K — > tttt we need to study the renormalization group evo- 
lution of the coefficients. This is done by using the method described in, e.g. Refs. PU| , |2T 



The resultant coefficients are {i^3{m c ) , u^mc) , u^(m c ) , h>Q(m c )) = (—1.2,1.5,0.8,4.7) x 10 -4 , 
where we have taken M new = My/ for simplicity. As is well known, the gluon pen- 
guin diagram gives a contribution to only isospin zero channel. We use the values in 



Ref. for the hadron matrix elements: ((Q' 3 (m c ))o, (Q'^(m c ))o, (Q' 5 (m c ))o, {Q'q{^c))o) = 
(-0.01, -0.19, 0.09, 0.28) (GeV) 3 . By using the experimental values ReA = 3.33 x 10~ 7 GeV 
and ReA 2 = 1.50 x 10~ 8 GeV with \e K \ = 2.36 x 10~ 3 , Re (e'/e) from the gluon-penguin di- 
agram is given by 



(7.7 x 10 



-2 



(4.8) 



Assuming that the real and imaginary parts of the Yukawa coupling are comparable, and 
using the value in Eq. ( |3.9|) estimated from e^, we obtain 
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Re t 



2 x 10~ 5 — < 2 x 10~ 5 (4.9) 
Mo 



for the models of soft CP breaking. Note that Re(e'/e) can be of order 10~ 4 if we allow that 
the imaginary part is bigger than the real part of X* d , ImX!, d ~ 10 x ReXj d . The prediction 
in Eq. ( f4.8| ) is more reliable than the corresponding prediction in the standard model because 
there is no expectation of delicate cancellation between diagrams. 

In the Aspon model the dominant contribution is given by the Aspon gauge boson-heavy 
quark exchange penguin diagram, and Re (e'/e) is estimated as |22| Re (e'/e) ^ 10~ 5 . 



V. B° - B° MIXING 

In addition to the W-exchange box diagram contribution the scalar-heavy quark exchange 
box diagram contribute to B d -B d mixing in the models of soft CP violation. The effective 
Hamiltonian derived from the new contribution for the Type R soft CP breaking model takes 
the same form as that for AS = 1 effective Hamiltonian given in Eq. (|3.2| ) with s replaced by 
b, and similarly for the Type L soft CP breaking model and the Aspon model. This should 
be compared with the H^-top exchange diagram contribution, which takes the same form as 
that in Eq. ( |3.5|) with s and c replaced by b and t. Again it may be enough to assume that 
the two operators with different chiralities give the same hadron matrix elements. Then let 
us compare C bd with Cj^ M \ 

The experimental value of the top quark mass, m t = 175 GeV, gives C^ M ^ ~ 
(3.46 x 10 -3 ) (V tb V td ). In the models of soft CP breaking the quark mixing matrix is real 
and orthogonal, and the unitarity triangle is flat. In the Aspon model the imaginary parts 
of the mixing matrix arise from the imaginary parts of the small quantities Xi, and the 3x3 
submatrix is real and orthogonal in good approximation. So the current experimental value 
\iV: d V ub ) / {V: d V cb )\ ~ 0.35 leads \(V t * d V tb ) / (V; d V cb )\ ~ 0.65, and \V t * d V tb \ ~ 5.9 x 10~ 3 . This 
implies C^ M ^ ~ 1.2 x 10~ 7 . On the other hand, when we assume that the Yukawa couplings 
are independent of the generation in the models for soft or spontaneous CP violation con- 
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n (R,L,A) 
^bd 



n {R,L,A) 



10 



-10 



sidered in this paper, Cm is roughly of the same order as C s d] 
This value is much smaller than Cj^ , and negligible. This situation is similar to r] = in 



the standard model, which is not excluded by the experiment flIE,P3",2"l 



In the case of generation-independent Yukawa couplings, CP violation in Bd-Bd mixing 
is much smaller for the soft and spontaneous CP breaking models than that for the SM. On 
the other hand, we can admit generation- dependent Yukawa couplings, and expect that Cm 

jf' L — 10~' . For the models of soft 
CP breaking this corresponds to: 



is larger and roughly of the same order as C^ , 



Mr 



bd\ 



7 x 10" 



where Xm is the average value of X M 1 and X M 2 . [Note that ImX^ 



ImX^ 



(5.1) 



-ImX^= 2 . 



For the Aspon model 



c 



(A) 
bd 



1Q- 7 leads 



v 
— 

K 



2 x 10~ 4 . 



(5.2) 



For the Type R soft breaking model ImJ^ is strongly constrained by 0, |ImX, 



bd\ 



< 



2 x 10~ 4 (see Eq. ( |7.6| )). So the above constraint ( |5 . 1| ) for \Xm\ leads that |ReX^| is much 
bigger than |ImX,d|. This implies that the CP violation in Bd-Bd mixing in the Type R soft 
breaking model is much smaller than that in the SM even if we introduce the generation- 
dependent Yukawa coupling. For the Type L soft breaking model and the Aspon model, 
however, the constraint from G is not strong, so that the CP violation in the Bd-Bd mixing 
can be as big as in the SM. 

Similarly, for B s -B s mixing, we may expect that Ct s is as large as C^f M \ In such a case, 
the CP violation in the B s -B s mixing for the Type L soft breaking model and the Aspon 
model can be as large as in the SM. On the other hand, due to the constraint from O, for 
the Type R soft breaking model it is much smaller than that in the SM. 
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VI. NEUTRAL B DECAYS AND CP ASYMMETRIES. 



The CP violation in the neutral B meson decays is expressed by the product of the two 
quantities measuring the indirect and direct CP violations, respectively: 

A(B q - X) 



\{B q - X) 



(I 



(6.1) 



K pJ Bq A(B q ^X) ' 

where B q is B d or B s . In the SM this quantity measures the angles of the unitarity triangle. 
This corresponds to the terms in the requirement that: 



v* b v ud + v; h v cd + v*v t 



cb v cd 



'tb v td 



0. 



(6.2) 



The angles between the 1st & 2nd, 2nd& 3rd, and 3rd & 1st terms are called 7, a, and (3 
respectively. The KM model predicts a sizeable area of the triangle involving, e.g. sin 2(3 > 

o.65 m. 

To study the quantity A in Eq. ( |6.1|) in the soft and spontaneously broken models, let 
us consider four cases for the coefficients of the 4-fermi operator as in Eqs. ( |3.2|) and ( p.5| ). 
(An alternative analysis of new physics and the quantity A is in ||25|| .) 

The first case corresponds to generation-independent Yukawa couplings. The other three 
cases involve generation dependence, in particular where the third generation couples more 
strongly than the second (case 2), the first (case 3) or both (case 4); these lead, in general, 
to a deviation from pure superweak phenomenology. The four cases are explicitly: 



ImC M | 




ImC bs 


~ |ImC ad |; 






ImC bs 


rs_/ 


lmC sd 


and ImCferf 


1 / ~ SJ 


^bd 






lmC sd 


and ImCfts 


1 


u bs 






u bd 


and ImCfts 


1 / ~ SJ 


MKM) 
^bs 



The first factor (q/p)B q m Eq- ( |6.1|) measures the indirect CP violation. In the present 
models, up to corrections of order 10~ 2 , it is given by the quantity with modulus one, 
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r {KM) r 
^bq "+* U bq 



r (KM) r 



bq 



(6.3) 



Then for ImCbq ~ ImC SC 2 we find lm(q/p) B ^$ 10 2 . Note that any non-vanishing value 
for Im (q/p) B comes from the approximation involved in Eq. (p.'Sj ). On the other hand, for 



HmC, 



bq\ 



n (KM) 
U bq 



as in 2, 3 and 4 (as in the SM), which is possible for the Aspon model and 
the Type L soft breaking model, the ImCbq becomes less negligible and so it is convenient 
to define 



~ e i2(3q 



(6.4) 



The second factor (A/Aj in Eq. (|6.1| ) measures direct CP violation in neutral B meson 
decays. Neutral B meson decays are described by b —>■ q'q'q" at the quark level. In this case 
the ratio of W-exchange penguin contribution to the tree contribution is roughly f26] 



A (KM) , , 

^penguin _ ( 4 _ 1Q %) V tb V W 



(6.5) 



Aree Vq'bVq'q" 

In addition, there is a contribution from the scalar-heavy quark exchange penguin diagram 
in the soft breaking models, and a contribution from the Aspon gauge boson-heavy quark 
exchange penguin diagram in the Aspon model. The ratio of the new penguin contribution 
to the VT-top penguin contribution is given by 



.4 



(new) 
penguin 



.4 



(KM) 
penguin 



Cbq" 
77(KM) 
^bq" 



(6.6) 



where Cb q " and C^/ M are analogues of C s d in Eq. ( fOj) . This ratio is estimated by the ratio 
of the couplings: 



a 



bq" 



7=<(KM) 
^bq" 



~ < 



Mr 



VAVt 



tb v tq" 



X 3 X Q 



for the soft breaking models 
for the Aspon model , 



(6.7) 



v* b v tqll 

where Xd, s = For ImCbq" ~ lmC s d, the imaginary part of this ratio is very small, 

and the new contribution is negligible compared with the KM-penguin contribution. When 
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\lmC bq » 



^bq" 



the imaginary part of this ratio can be of order one in the Type L soft 
breaking model, while it is small, ^$ 10 _1 , in the Aspon model. Then if 

VtbVtq" 



< 1 , (6.8) 



the tree diagram dominates over penguin diagram [26], and the direct CP violation in the 
B system is small. This corresponds to the processes b — ► ccs, b — ► ccd and b — > uud. On 
the other hand, if tree diagrams are forbidden, the penguin diagram dominates, and 

a r (KM) + r* 

^bq" ~r ^bq" 

This is for q' = d or s. When |ImC& ? "| ~ Cj^, in this case, it is convenient to parameterize 

- ~ e l2 V' , (6.10) 

where a q n is of order one in the Type L soft breaking model, ^$ lO^ 1 in the Aspon model, 
and very small in the Type R soft breaking model. 

In Table | we show examples of neutral B meson decay modes with values of 
ImA {B q — ► X) for the four cases discussed above. One can read from Table | specific fea- 
tures of the present models. For example: if CP assymetry in Bd — > K$Ks were large, then 
it indicates a clear deviation from the Standard Model, and those for tree dominant decay 
modes are the same; ImA {Bd — > ipKs) — ImA {Bd — ► D + D~) ~ ImA {Bd — > 7r + 7r~). On the 
other hand, if it were small, all CP violations in Bd decays are small. 

If we focus just on the "gold-plated" decay mode B — > ipK s (top row of Table |) - where 
the SM predicts an unmistakable large CP asymmetry - then in the Type R soft breaking 
model one must have condition (1) and hence a very small (3 {(3 < 10~ 2 ); in the Type L soft 
breaking model or the Aspon model one can admit conditions (2) and (4) and hence large 
effective (3. However, if we impose that the Yukawa couplings are generation- independent, 
all except the SM predict a CP asymmetry in this mode too small to be detected. 
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(1) (2) (3) (4) SM 

6 ccs 5 d ^-^5 sin 2/3 d sin 2/3 d - sin 2/? 

B S ^D+D- sin2^ s sin2/3 s -sin 2(3' 

b^ccd B d —* D + D~ sin2/3 d sin2/3 d -sin 2/? 

B s ^ipK s sin2/3 s sin2/3 s -sin 2(3' 

b — ► ccs Bd^TT + iT~ sin2/?rf sin2/? d sin 2a 

B s ^pKs sin2/3 s sin2/3 s -sin2(7 + /?') 



B d ^4>K s sin2/3 d sin2d s sin2(/3 d + d s ) - sin2(/? - 

B s -> r/r/ sin 2 (4 + <5 S ) sin 2 (4 + d s ) 

b ssd Srf -> ifsifs sin 2 (/3 d + 5 d ) sin 2 (J) d + fi d ) 

B s ^<pK s sin2d d sin2/3 s sin 2 (j3 s + d d ) sin 2(0-/3') 

TABLE I. Values of ImA {B q — > X) for the examples of the neutral B meson decay modes. 
(l)-(4) correspond to four cases discussed in text. A zero indicates that the value is small, 
< 0(1O -2 ). The column indicated by "SM" shows the predictions in the SM [26]. 
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VII. COMPATIBILITY WITH UPPER BOUND ON 9; LOWER BOUNDS ON 

ELECTRIC DIPOLE MOMENTS. 



It is interesting to estimate the lower bound on Q and hence on the neutron electric 
dipole moment d n , for the different models. 

First recall that in the standard model where the strong CP problem is unresolved - and 
requiring an additional mechanism such as the Peccei-Quinn symmetry JTB| or a massless up 
quark (see, e.g. Ref. [fT3}| ) - there is no such lower limit because there is no reason to make 
G small. If one simply puts the bare G equal to zero (without motivation) then it has been 



pointed in Ellis and Gaillard [27]] that there is a finite correction at two loops of ~ 10~ 16 and 
an infinite renormalization at seven loops which is even smaller, ~ 10 -32 if one arbitrarily 
puts in a cut-off equal to the Planck mass. But these are not really predictions for a lower 
bound because there is fine-tuning unless there is an additional mechanism. 

The value of G is strongly constrained by the experiment of the neutron electric dipole 
moment; G < 10~ 10 . In the models considered in this paper the determinants of mass 
matrices of quarks are real, and the resultant G is zero at tree level. However, it is generated 
at some loop level through corrections to the mass matrix; G = Im{tr [M _1 5M]}, where M 
is the tree level mass matrix. 

In the Aspon model a contribution to Q appears at one-loop level due to the mixing 
between the heavy scalar xi an d the ordinary Higgs boson H given in Eq. ( |2.3|) ||. This 



contribution is estimated as 16 



Xx 2 



where A is an average value of A/j in Eq. (|2.3|) and x is an average value of \xi\ in Eq. Q2.11D 



From a one-loop correction from the quark box diagram a lowest value of A and hence G are 
estimated as (lTi 



2 4 

X = ^ X 



A > — - , Q > ——2 . (7.2) 

167T (167T 2 ) 
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This by using the upper bound of implies x 2 ^ 1CT 3 . When the Yukawa couplings are 
generation-independent, we obtain k<3x 10 4 GeV by combining this with the constraint 
Q3.8D from ek- The assumption k > v gives the lower bound x 2 ^ 10~ 5 , which leads to 
6 ^4x 10~ 15 , and hence d„^4x lCT 30 e.cm. As discussed in Section(|V|) one can admit 
is as large as Cj^ M ^ by using the generation-dependent Yukawa couplings. In such a 
case the combination of Eqs. ( |7.2|) with the constraint ( |5.2|) from B^-Bd mixing, we obtain 
k ^ 10 3 GeV (rather than k^3x 10 4 GeV). Equation ( |5.2|) with the assumption k > v 
gives the lower bound \x*xs\ ^ 2x 1CT 4 , which combined with Eq. ( [7.21) leads ^ 2 x 1CT 12 , 
and hence c( n ~2x 10~ 27 e.cm. 

4> X 




8 

FIG. 4. Three loop diagram which gives a correction to the imaginary part of the d mass matrix 
in the model for Type R soft CP breaking. 

In the model for Type R soft CP breaking the corrections to the imaginary part of the 
mass matrix of the down sector first arise at two- loop level, as pointed out in ||. We 
estimate this as ~ A/ 2 / (167r 2 ) 2 , where A is an average value of A/j in Eq. ( |2.3|) and / 
is an average value of the Yukawa couplings. Different from the case of the Aspon model 
(where the top quark contributes), a lowest value of A is here estimated from a one- loop 
correction from the box diagrams of down-type quarks. The resultant lowest value of is 
estimated as ^ (/ 4 /(167r 2 ) 3 ) • (mb/v) 2 , which leads only to f 2 ^ 1. This constraint is not 
strong. However, a stronger constraint comes from the three-loop diagram shown in Fig. |j. 
The correction from the diagram to the imaginary part of the mass matrix of down sector 
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is estimated as 



5M C 



An 16tt 2 v 2 167r 



(7.3) 



where a s ~ 0.12 is the QCD coupling and V is a real orthogonal KM matrix. The contribu- 
tion to is calculated by multiplying the above 5Aid by {Aid)' 1 and taking trace. Since 
Aid is included between two hermit ian matrices in 5 Aid, enhancement factors arises from 
(Aid)' 1 ■ The resultant correction to is given by 



6 (down) 



a. m; 



—V ts V td lmXl 2 + ^V tb V td lmXl 3 + —V tb V ts lmX^ 

m d m d m s 



(7.4) 



4tt (16tt 2 ) v 2 

By using [m d , m s , m b ) ~ (8, 150, 4800) MeV and {V td , V ts , V tb ) ~ (5.9 xlO" 3 , 4.3 xl0~ 2 , 1), 
the above expression becomes 



©(down) 



9.0 x lQ-HmX 1 ^ + 6.7ImX^ + 2.6ImX, 



bs 



x 10' 



(7.5) 



Then the constraint ^ 10 10 gives 



ImX 



sd 



ImX, 



bd 



ImX, 



/;.s 



< 0.1 , 

< 2 x 10~ 4 , 

< 4 x 10" 4 . 



(7.6) 



When we demand 
to require 



^bd 



^y(KM) 
°6d 



ReXl d 



> 



ImX' d 



consistently with the above upper bound, we need 
. Then the bounds for Mq and are same as those for 



the generation-independent Yukawa couplings. The combination of the upper bound ( [7.6| ) 
with the constraint obtained from ex (Eq. ( |3.9| )) gives the upper bound for M Q : M q R) < 



8 x 10 4 GeV. The lower bound for may be obtained from the lower bound for X s d (X 



ad 



> 



3 x 10~ 4 ) derived from e K . The result is > 3 x 10~ 13 , and hence d„~3x 10~ 28 . 

In the model of Type L soft CP breaking, a contribution to 5A4 arises at two-loop 
levelQ from the diagram similar to the one for the Type R soft breaking model, while the 



2 This two-loop contribution is due to Sheldon Glashow. 
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three-loop diagram similar to the one in Fig. |4] does not contribute to 0. So the dominant 
contribution to is estimated as ~ Xf 2 /(16n 2 ) 2 . Similarly to the Aspon model, a lowest 
value of A is estimated from a one-loop correction from the box diagram of both up-type 
and down-type quarks. The resultant value of is thus estimated as 9 ^ / 4 /(167r 2 ) 3 , 
which leads to f 2 < 0.02. For the case of generation-independent Yukawa couplings the 
combination of this upper bound with the constraint from €k gives an upper bound for 
M Q : M q < 2 x 10 5 GeV. The bound X sd > 3 x 10~ 4 leads to > 2 x 10~ 14 , and hence 
d„>2x 10 _29 e.cm. On the other hand, when we require 
of f 2 i$ 0.02 with the constraint obtained from Bd-Bd mixing gives an upper bound for Mq: 
Mq < 7 x 10 2 GeV. A lower bound for can be derived from the Bd-Bd mass difference 
(SectiondYD): X bd > 7x 10~ 3 , which leads to f 2 > 7 x 10~ 3 . From this lower bound the 
lower bound for is estimated as ^ 10 -11 , and hence d n ^ 10~ 26 e.cm., quite close to the 
experimental limit. 

VIII. SUMMARY OF PREDICTIONS. 

The predictions of the different models we have studied are collected together] 3 ] are in 
Table 0. 

From this Table we see that the predictions for the different models are very divergent 
and therefore when the quantity (e' /e) is measured with an accuracy of 10 -4 , and the CP 
asymmetry in B — > ipKs is measured to determine whether or not sin 2(5 > 10~ 2 we will 
be able to exclude models. As mentioned in the Introduction we expect that both of these 
measurements will be completed within perhaps 2 or 3 years. 



3 In Table |Tj the aspon model is "L-type spontaneous" meaning that light left-handed quarks 
couple to the new quarks. If we replace this by an aspon model with q= right-handed down-type 
quarks, the lower limits on A and @ in Eq.([7.2|) are each reduced by a factor (rrib/v) 2 ~ 1CP 3 . 



a 



bd 



a 



(KM) 
bd 



the combination 
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KM 


R-type soft 


L-type soft 


Asp on 




few 1(T 4 


? 


? 


< 1(T 5 


A 


big 


flat 


? 


? 


e 


axion? 


> kt 13 (ht 13 ) 


> 10- 11 (10~ 14 ) 


> 10- 12 (ht 15 ) 




1Q -32 


> io- 28 (10- 28 ) 


> 1(T 26 (IO" 29 ) 


> 10- 27 (10- 30 ) 



TABLE II. Summary of results for the three CP violation models compared to the SM. A 
denotes the unitarity triangle determined from neutral B meson decays. A query ? denotes not nec- 
essarily pure superweak (essentially zero e'/e and a flat A), but becomes so if the Yukawa couplings 
are generation- independent. In that case, the first two rows in the last three columns become indis- 
tinguishable. Values in parentheses denote weaker bounds for the case of generation-independent 
Yukawa couplings, to be compared to generation-dependent ones. 
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